In 2013, five laboratories took part in the EURAMET.RI(II)-K2.Ho-166m comparison of activity concentration measurements of 166m Ho. The activity measurements of this comparison are part of the joint research project "Metrology for Radioactive Waste Management" of the European Metrology Research Programme (EMRP). One aim of this project is a new determination of the 166m Ho half-life.The results were found to be in good agreement and no outlier could be identified. A comparison reference value (CRV) has been calculated as the power-moderated mean (PMM) of all final laboratory results and was found to be 119.27(10) kBq g -1 . Preliminary degrees of equivalence based on the Comparison Refeence Value were also calculated for each reporting laboratory. The Key Comparison Reference Value and final degrees of equivalence will be calculated by the BIPM from the data contained herein and data from measurements made in the International Reference System (SIR).
Introduction
The metastable radionuclide 166m Ho decays via several beta-gamma branches. It has been considered for use in references sources for ionization chambers, since it provides high detection efficiency due to several photon emissions and its half-life of about 1200 years allows usage over a long period of time. Thus, 166m Ho sources could replace 226 Ra sources, which are often used as long-term reference sources. The application of 226 Ra sources has drawbacks since it takes more than 100 years to reach radioactive equilibrium with all 226 Ra progenies and the source may be affected by potential losses of 222 Rn. However, application of 166m
Ho as a reference source requires very good knowledge of its half-life, in particular if usage over many decades is considered. Since 166m Ho can be found in nuclear waste, its half-life is also of great interest when considering decommissioning of nuclear sites and final disposal of nuclear waste.
One aim of work package 5 of the joint research project "Metrology for Radioactive Waste Management" (MetroRWM) of the European Metrology Research Programme (EMRP) is to measure the half-life of 166m Ho with high accuracy. The project partners CEA, PTB, CIEMAT, IRMM and CMI intend to determine the half-life via a combination of activity measurements and mass spectrometry. The half-life can then be determined via the equation
where A is the activity and N is the number of 166m Ho nuclei. In practice, one measures activity and mass concentration, i.e. per gram of solution.
In order to achieve a very low uncertainty for the activity concentration, a, aliquots of a solution were distributed to all participants after careful ionization chamber measurements at PTB. The corresponding solution was purchased from Eckert & Ziegler Isotope Products and then purified at CEA-LANIE to remove erbium (Er). The removal of Er is crucial since non-radioactive 166 Er would cause interference with the 166m Ho in mass spectrometry measurements.
In the literature, there is only one precise measurement of the 166m Ho half-life available by IRA (Nedjadi et al., 2012) and therefore the MetroRWM project is very important for validating this result and for reducing the uncertainty.
The IRA sent an ampoule to the International Reference System (SIR) for the purpose of comparison (Michotte et al., 2009 ). In 2013, PTB sent an ampoule traceable to the solution used within the framework of EURAMET.RI(II)-K2.Ho-166m to the SIR and, as a result, the activity results obtained can be compared with the results from IRA in the BIPM.RI(II)-K1.Ho-166m comparison. In this way, further valuable information can be obtained to find the reasons for potential discrepancies in the half-life determination.
General information
The EURAMET.RI(II)-K2.Ho-166m comparison is also registered as EURAMET project 1257 and is piloted by PTB. The participating institutes are listed in Table 1 . The participants agreed to use nuclear decay data as evaluated by the Decay Data Evaluation Project (DDEP, 2006) , but also the more recent half-life of T 1/2 = (1132.6 ± 3.9) a as determined by Nedjadi et al. (2012) . Moreover, the participants agreed to use 1 January 2013 00:00:00 UTC as the reference date which is used for all stated activity concentrations in the following.
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Preparation of the solution
A 166m Ho solution was purchased by PTB from Eckert & Ziegler Isotope Products (Valencia, California) in 2011. The initial product contained significant radioactive europium isotopes which were removed by means of chemical separation by the supplier. Details about these steps are unknown to the authors. In addition, the material contained erbium which needed to be removed, since it would cause interferences at mass number 166 when mass spectrometry is carried out. Therefore, the solution was first sent to the CEA-LANIE for chemical separation of erbium. Details of this will be published elsewhere (Guéguen et al., 2014) . The remaining radioactive material was then sent back to PTB as dried salt (see Figure 1 ). 
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The salt was dissolved in 0.4 mL HCl (Suprapur, Merck) with a concentration of 1 mol/L. Thereafter, 3.6 mL of twice-distilled water were added. The solution was shaken, centrifuged, and then weighed portions were put into ampoules of PTB-type AM05 which were flame-sealed. At that time, the solution had a slightly pink color but it was clear and no undissolved crystals were visible. The open ampoules were put into a sand bath and the solution was slowly evaporated to dryness. The salt was then dissolved in 8 mL (2 × 4 mL) of HCl with a concentration of 1 mol/L. The liquids of both ampoules were combined in an empty 20 mL vial, which was pretreated with HCl (0.1 mol/L). The solution was shaken and centrifuged. Subsequently, weighed aliquots were transferred to ampoules which were again measured in an ionization chamber. The solution was clear and no crystals could be seen in the ampoules. The solution still had a slightly pink color. The results of the preliminary ionization chamber measurements are listed in Table 2 . The results confirm a homogenous activity distribution since all results for the activity concentration agree well. It should be noted that the stated uncertainties do not correspond to a full uncertainty budget. The stated numbers just correspond to the standard deviation of the mean, which was found to be lower for samples with a higher mass of solution, since such samples yield a higher ionization current. For the analysis, the same calibration factor was used for all ampoules, i.e. potential differences due to varying geometry (filling height) were not taken into account. The geometry dependence is expected to be low in the case of 166m Ho. Table 2 also contains information about the distribution scheme. Three ampoules were sent to the IRMM since additional material should be used for mass spectrometry measurements. PTB used a part of the solution to prepare a diluted solution which was then sent to the BIPM for measurement in the International Reference System (SIR). The dilution factor was determined by weighing and the ampoule was also measured in PTB's ionization chamber as mentioned above. 
Preliminary measurements and adsorption tests
All ampoules were measured at PTB by means of a 4 ionization chamber (see above). The participants were also free to carry out additional preliminary activity measurements but no participant reported on such measurements.
Some participants measured the remaining activity in their original empty ampoule after rinsing it. This information is useful for estimating corresponding uncertainty components due to adsorption effects. The IRMM found 6.2(3) Bq after rinsing their ampoule by means of liquid scintillation counting. CIEMAT determined an activity of 30(5) Bq when using liquid scintillation counting. In both cases, the remaining activity corresponds to less than 4.3·10 -4 of the total initial activity.
Radioactive impurities
The radioactive material was produced via the reaction 165 Ho(n,) 166m Ho and high purity holmium(III) oxide was used for the irradiation. The material contained significant amounts of the gamma-emitting isotopes 154 Eu and 155 Eu which were separated by the supplier of the solution.
It is expected that the irradiation process also leads to the production of high activities of 166 Ho. This is a problem of minor importance since 166 Ho decays almost completely after a few weeks due to its short half-life of T 1/2 = 26.795(29) h.
Some participants in this comparison also analyzed the solution for potential radioactive impurities. PTB, CMI and IRMM used gamma-ray spectrometry measurements but could not detect any other photon-emitting isotope than 166m
Ho. The IRMM estimated that a potential gamma-ray emitting impurity would have a low activity A imp yielding an activity ratio A imp /A( 166m Ho) <1.5•10 -4 . The CIEMAT and the LNE-LNHB did not report on impurity checks.
Weighing and dilutions
None of the participants made a dilution of the solution. The above-mentioned measurement techniques require using weighed portions of the 166m Ho solution. The information about the balances reported by the participants is summarized in Table 3 . Most participants used the pycnometer method, i.e. weighing of a polyethylene micro-pipette prior to and after drop deposition for sample preparation. LNE-LNHB did not provide any information on dilutions and their balances. 
Measurement methods
Most participants used more than one method for the activity determination, but in some cases, not all individual results were used to establish the final laboratory result. All in all, five different methods were used, namely  TDCR (PTB, IRMM and LNE-LNHB, but LNE-LNHB did not use the result for its final laboratory result)
4-counting of photons and electrons (IRMM)
 4-counting of photons (IRMM, CIEMAT and LNE-LNHB, but LNE-LNHB did not use the result for its final laboratory result)
The laboratory final results for the activity concentration are shown in Figure 3 and are listed in Table 4 . All results agree very well and no outlier can be identified. ## The final result corresponds to the unweighted mean.
### The result from 4P-PC-BP-NA-GR-AC was taken as the final laboratory result.
#### The result was obtained as a power-moderated mean using a power of 1.4 in the relative weights. The data were treated as independent, even though they had some common sources of uncertainty. The uncertainty obtained from the method is slightly higher than that obtained from a variance weighted mean.
In the following, details on the various methods and the individual results are presented.
Liquid scintillation counting
Four participants used liquid scintillation counting techniques for the activity determination. The CIEMAT/NIST efficiency tracing technique was applied at IRMM, CIEMAT and PTB. The measurements were carried out by means of commercial counter systems with two photomultiplier tubes (PMT). Details are summarized in The TDCR method was applied at IRMM, PTB and LNHB. In this case, all institutes used their custom-built counter systems with 3 PMTs. Details are summarized in Table 6 . Various programmes were used for the efficiency computation of the complex decay scheme. CIEMAT used a new code named "NUR /PENNUC". For the ionization quenching they used a parameter kB = 0.007 cm·MeV -1 . IRMM used the CN2005 code with kB = 0.0075 cm·MeV -1 for the CIEMAT/NIST analysis and MICELLE3 with kB = 0.0110 cm·MeV -1 for TDCR. LNHB used a combination of its own TDCR07c and the simulation package PENELOPE2008 (Salvat et al., 2009 ). The parameter kB = 0.010(3) cm·MeV -1 was used for the calculations. PTB used a new version of MICELLE with kB = 0.0075 cm·MeV -1 for both methods . For the calculation of secondary electrons as a result of photon interaction, most participants stated use of cross sections from the XCOM data base (Berger et al., 2010) . LNHB realized these calculations with the PENELOPE2008 code.
The participants were also asked to provide details on their uncertainty evaluation. Tables 7 and 8 show the complete uncertainty budgets for the LS methods. 
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4 counting
Three institutes applied 4π photon counting techniques with various types of NaI detectors. In addition, IRMM used a CsI detector to apply 4π counting of photons and electrons. Details about the detectors are listed in Table 9 . With some detector configurations the counting efficiencies were found to be close to 100 % and, thus, low uncertainties can be achieved by this method. The uncertainty budgets are listed in Table 9 . Table 9 . Information on 4π counters.
CIEMAT LNE-LNHB IRMM (1) IRMM (2) IRMM (3)
Crystal material NaI NaI(Tl) CsI NaI NaI 
Coincidence and anti-coincidence counting
At CMI the 4πβ-γ coincidence counting method was used. Samples were prepared with VYNS foils having a thickness of 15 μg/cm 2 to 25 μg/cm 2 on a metallic ring. The foils were coated with a gold layer (about 20 μg/cm 2 ) and placed in a pillbox-type 4π proportional counter at atmospheric pressure in the gas-flow mode using methane as the counting gas. The discrimination threshold was set to 0.7 keV. A non-extending dead time of 5.995(5) μs was used. The gamma channel comprises two NaI crystals with a diameter of 76.2 mm and a height of 76.2 mm each. The non-extending dead times of the NaI detectors were set to 6.031(5) μs and 6.113(5) μs, respectively. The highest counting efficiency in the proportional counter was found to be 88 %, and consequently, an efficiency extrapolation was applied. The counting efficiency was varied using the wet extrapolation method which makes use of varying absorption during the drying of a water droplet added onto the source surface.
The LNHB applied the 4πβ-γ anti-coincidence counting method. Information on sources was not provided. Also here, a pillbox-type 4π proportional counter at atmospheric pressure with methane as the counting gas was used. The extending dead time was set to 10 μs in the live-timed home made module. A NaI(Tl) detector with 76 mm in diameter and with a height of 76 mm was used to detect photons. For this detector the extending dead time was 50 μs. The highest counting efficiency in the proportional counter was found to be 95 % so that the extrapolation range was lower compared to the CMI. At LNE-LNHB the efficiency variation was applied using goldcoated foils as absorber material.
The uncertainty budgets for these methods are shown in Table 11 . The activity concentration determined by all individual methods is listed in Table 12 . Figure 4 shows the same data in increasing order. 
Comparison reference value and preliminary degrees of equivalence
As shown in Section 7, all results agree very well and no outlier can be identified.
Thus, all methods which were used for this comparison seem to be appropriate for 166m Ho.
For the liquid scintillation counting methods as well as for the 4π counting techniques high counting efficiencies can be achieved and, consequently, the model dependence and/or uncertainties are very low.
The degree of equivalence of a given measurement standard is the degree to which this standard is consistent with the comparison reference value. The degree of equivalence is expressed quantitatively in terms of the deviation from the comparison reference value and the expanded uncertainty of this deviation (k = 2). The degree of equivalence between any pair of national measurement standards is expressed in terms of its difference and the expanded uncertainty of this difference and it is independent of the choice of comparison reference value.
Preliminary degrees of equivalence with the comparison reference value can be estimated from the comparison results. However, final degrees of equivalence as well as the final Key Comparison Reference Value (KCRV) will be calculated by the BIPM using measurements made in the International Reference System (SIR).
The comparison reference value
A comparison reference value (CRV) for the present EURAMET.RI(II)-K2.Ho-166m comparison has been calculated as the power-moderated mean (PMM) of all final laboratory results in Table 4 , using the method adopted in 2013 by the CCRI(II) for all future evaluations of key comparisons (Pommé, 2012) . The resulting CRV is 119.27(10) kBq g -1 .
The stated uncertainty corresponds to the standard uncertainty following the procedure of the PMM. It is larger than the uncertainty of a variance-weighted mean (which uses the inverse uncertainties to a power of 2 as weighting factors), because the power of the weighting factors was limited to 1.4 instead of 2, which tempers the dominance of the data with the smallest uncertainty values.
Preliminary degrees of equivalence
The degree of equivalence D i of a particular NMI or DI, i, with the CRV is expressed as the difference of the activity concentration result a i given in Table 4 Table 13 shows the table of the preliminary degrees of equivalence with the CRV. The preliminary degrees of equivalence are also illustrated in Figure 5 . Table 13 . Preliminary degrees of equivalence with the CRV (k = 2) . 
Laboratory
